Digital libraries enable worldwide access to scientific results, but also provide a valuable source of information that can be used to investigate patterns and trends in scientific collaboration. The Electronic Library of the Mathematical Institute of the Serbian Academy of Sciences and Arts (eLib) digitizes the most prominent mathematical journals printed in Serbia. Using eLib bibliographical records we constructed a co-authorship network representing collaborations between authors who published their papers in eLib journals in the period from 1932 to 2011. In this paper we apply community detection techniques in order to examine the structure of the eLib co-authorship network. Such study reveals characteristic patterns of scientific collaboration in Serbian mathematical journals, and helps us to understand the (self-)organization of the eLib community of authors.
Introduction
It has long been realized that the analysis of co-authorship graphs can help us to understand the structure and evolution of corresponding academic societies. Those networks can also be used to develop models for ranking most influential authors in a database [8] , to automatically determine the most appropriate reviewers for a manuscript [21] , or even to predict future research collaborations [12] . Nodes in a co-authorship network represent researchers -people who published at least one research paper. Two researchers are connected by an undirected link if they authored at least one paper together, with or without other coauthors. Additionally, link weights can be introduced in order to express the strength of collaboration: two researchers are connected by a link of weight w if they co-authored exactly w different research papers.
Community structure is a typical feature of social networks [16, 4] . A community (cluster or module) is a part of a network (group of nodes) where internal connections are denser than external ones. Uncovering communities helps us to understand the structure of the network, to identify cohesive subgroups, and to draw a readable map of the network.
This study explores structural properties of the co-authorship network that is formed from bibliographical records contained in the Electronic Library of the Mathematical Institute of the Serbian Academy of Sciences and Arts -eLib [13] . ELib started as a response to the increasing requirement for easier access to old issues of the journal Publications de l'Institut Mathématique. Currently, eLib digitizes 12 mathematical journals printed in Serbia. Therefore, the nature of the bibliographic data enables us to investigate the structure of scientific collaboration characteristic to authors who publish their results in Serbian mathematical journals.
The rest of the paper is structured as the folows. Related work is presented in Section 2. Section 3 describes the methodology that is used to examine structural properties of the network and identify cohesive subroups of co-authors. The obtained results are presented and discussed in Section 4. Finally, the last section concludes the paper.
Related work
A more recent resurgence of interest in networks of scientists and scientific papers was sparked by the observation of power-law degree distributions in various types of real-world networks [1] including networks of scientific collaboration [14, 15] . It is also observed that the largest connected component in collaboration networks tends to take up the majority of the network [14] . Collaboration networks also exhibit expected short paths between arbitrary researchers [15] , i.e. they tend to be "small worlds."
The body of work most relevant to our study involves collaboration networks in the field of mathematics. Studies of collaboration networks focused around Paul Erdős include [9] and [2] . More general analysis of mathematics collaboration networks is performed by Grossmann [10, 11] who examined statistical properties of the network derived from Mathematical Reviews (MR). Brunson et al. [5] studied the evolution of the MR network, identifying two points of drastic reorganization of the network, as well as increased collaboration between mathematics researchers in more recent times.
Communities in co-authorship graphs may indicate groups of people with common research interest. For example, Girvan and Newman [7] used community detection techniques to identify groups corresponding to different research divisions at the Santa Fe institute. In our previous work [23] we studied statistical properties and evolution of the eLib co-authorship graph. The same article presented the methodology that is used to extract the network. This paper continues the work presented in [23] . Namely, in this paper we investigate the structure of the network using community detection methods.
Exploratory analysis
The analysis of structure of scientific collaboration in eLib journals is based on standard methods and metrics used in analysis of social networks. Firstly, we performed connected component analysis in order to isolate disjoint components of the network and to determine whether the network contains so called giant connected component. A connected component of an undirected network is a set of mutually reachable nodes, i.e. there is a path connecting each two nodes in the component. Giant connected component is a component that encompasses the vast majority of nodes. Secondly, we distinguish between two types of components in a co-authorship network: non-trivial and trivial components. A component of a co-authorship network is considered trivial if it is a complete sub-graph of the network and the weight of each link is equal to one. In other words, trivial components represent research collaborations that have not evolved in the examined time period.
We use different metrics to quantify nodes (authors) in the eLib co-authorship network. Degree centrality (DC) of author A is the number of links incident to A, i.e. the number of other authors with whom A collaborated. Betweenness centrality (BC) of A is the number of shortest paths between any pairs of nodes that pass through A. Unlike DC which is a local centrality measure, BC quantifies the centrality of a node considering the whole network. Nodes with high BC tend to be the most important actors in the network since they connect different groups of nodes and may control the flow of information in the network. To measure author productivity we use the normal counting method, i.e. the productivity of A is equal to the number of publications A (co-)authored. Timespan of author A is the number of years that passed from the publication of A's first article to the publication of A's last article in eLib journals.
An important advance in community detection was made by Girvan and Newman [17] who introduced a measure called modularity to estimate the quality of a partition of a network into communities. For weighted networks modularity Q is defined as
where n c is the number of communities in the partition, W c is the sum of weights of intra-community links of community c, S c is the total weight of links incident to nodes in c, and W is the total weight of links in the network. In other words, modularity accumulates the difference between the total weight of links within a cluster and the expected total weight in an equivalent network with links placed at random. In this paper we use the Louvain method for community detection [3] to identify cohesive subgroups in the eLib co-authorship graph. Initially, we investigated the performance of five different community detection techniques on the largest connected component and showed that the Louvain method is the most suitable for our case study. The method uses a greedy multi-resolution approach to maximize Q starting from the partition where all nodes are put in different communities. When Q is optimized locally the algorithm builds the coarse-grained description of the network (network of communities), and then repeats the same procedure until a maximum of modularity is attained. Although widely used, the modularity measure has a weakness known as the resolution limit problem -community detection techniques based on modularity maximization may fail to to identify modules smaller than a scale which depends on the total size of the network. Therefore, the application of modularity maximization methods requires investigation of the quality of obtained community partitions. In order to assess the reliability of the community detection method we use the definition of community proposed by Radicchi et al. [19] adopted for weighted networks. Namely, a community is called Radicchi strong if for each node in the community the sum of weights of links within the community (strength of intracommunity links) is higher than the sum of weights of links connecting the node with the rest of graph (strength of inter-community links).
Results and discussion
In total 6480 research papers were published in eLib journals from 1932 to 2011. The majority of articles are single-authored papers: 4836 papers (74.63% of the total number of papers) are written by exactly one author. This situation is not surprising for mathematical journals, since researchers in mathematics and humanities usually engage in solitary work, while laboratory scientists tend to write articles with many co-authors. The total number of authors that published papers in eLib journals during the examined period is 3597. Therefore, the co-authorship network formed from eLib bibliographic records contains 3597 nodes (authors). Those authors are connected by a significantly smaller number of links (2766) which means that there is a large number of authors (33% of the total number of authors) who have not collaborated with other eLib authors by publishing articles in eLib journals.
Connected components
Connected component analysis revealed that the eLib co-authorship network is extremely fragmented: it contains 625 connected components (excluding isolated nodes) neither of which is a giant connected component. Additionally, the network contains nearly the same number of trivial and non-trivial components: 319 components are trivial (51.04%), while 306 of them are non-trivial. The average size of non-trivial components is 6.42, while the standard deviation is 17.83. This means that the eLib co-authorship graph contains components whose size is drastically larger than the average. In total, 19 components have size that is greater or equal to ten, while six of them have size greater than 20 authors. The largest connected component encompasses 249 authors, which is 6% of the total number of authors. The number of papers published by authors from the largest component is 997, which is 15.38% of the total number of papers, and the maximal number of papers per component.
Community structure of largest connected components
In order to select the best community detection method for our case study we initially investigated performance of five different community detection methods on the largest connected component. Results are presented in Table 1 . It can be observed that the Louvain method shows the best performance for our network: this method reveals a community partition having the highest modularity and the largest percentage of Radicchi strong communities. Since the Louvain method shows the best performance on the largest connected component we selected this method to investigate the community structure of ten largest connected components in the network. Results are summarized in Table 2 . It can be observed that for each component the value of the modularity measure Q is higher than 0.3. Usually a value of Q larger than 0.3 is considered as a clear indication that the network possesses community organization according to the modularity based definition of community [6] . Moreover, the modularity score of the five largest eLib components is even higher than 0.5, and the largest component has the largest value of modularity. Table 2 . Results of community detection for ten largest connected components in the eLib co-authorship graph: N -the number of nodes in the component, Q -modularity score, C -the number of detected communities. To investigate the quality of obtained community partitions we examine in detail the communities detected in the three largest connected components. Figure 1 shows the visualization of the largest connected component after community detection, while Table 3 provides a description of the obtained communities.
The largest cohesive subgroup is organized around Ivan Gutman who is the best connected eLib author and the most productive author. The central figure in the second largest community isŽarko Mijajlović who is the most central author according to the betweenness centrality metric. The third largest community which is organized around Jovan Karamata encompasses the oldest generation of authors present in eLib journals, also including Paul Erdős. From this community the whole component started to emerge: the first collaboration among eLib authors is the collaboration between Jovan Karamata and Hermann Wendelin which was established in 1934. It can be observed that for each detected community the number of intra-community links (denoted by "IntraL" in Table 3) is significantly higher than the number of inter-community links (denoted by "InterL"). The same holds also for the sum of weights of intra-community ("IntraW") and inter-community ("InterW") links which means that the overall strength of collaboration among members of each community is higher than the strength of collaboration among authors belonging to different communities. Moreover, each of the detected communities, except community C6, is Radicchi strong which means that each author from a community collaborates more often with authors from his/her community than with authors from other communities. In case of community C6 there are only two authors who are not Radicchi strong: (1) Slobodan Simić has 9 joint publications with members of his community and 10 joint publications with members of communities C1 and C5, and (2) Vlajko Kocić has 1 joint publication with Slobodan Simić and 3 joint publication with Jovan Kečkić who belongs to community C5. For the majority of detected communities (all of them except for C3, C5 and C6) the author having the highest degree centrality in the community (shown in Table 3 ) is at the same time the author who is most central according to the betweenness centrality metric. Figure 2 shows the structure of the second largest connected component after community detection. The characteristics of the partition are given in Table 4 . It can be observed that for each detected community the number of intracommunity links is significantly higher than the number of inter-community links. The same also holds for the sum of weights of this two types of links. Moreover, each detected community is Radicchi strong which clearly suggests that the applied community detection technique produced a good partition into communities. The authors having the highest degree centrality in communities denoted by C1, C4, C5, C6 and C8 are Serbian mathematicians affiliated with the University of Novi Sad. Community C5 is organized around Bogoljub Stanković, a Serbian Academician from Novi Sad, who is the author with the maximal value of timespan for the whole network in the examined time period: the first paper of Bogoljub Stanković published in eLib journals is from 1953, while the last one is from 2011. For 6 out of 8 communities (all except C2 and C7) the author having the highest degree in the component is also the author with the highest betweenness centrality. The authors having the maximal betweenness centrality in C2 and C7 are Miroslava Petrović-Torgašev and Ratko Tošić, respectively. Fig. 1 . Visualization of the largest connected component in the eLib co-authorship graph. Nodes from the same community are in the same color. Additionally, each community is marked with an appropriate identifier (C1, C2, etc.) used in Table 3 . The third largest connected component in the eLib co-authorship network encompasses eLib authors who published their papers in two eLib journals: "Computer Science and Information Systems" and "Review of the National Center for Digization". The scope of mentioned journals is not purely mathematical, but oriented to applications of mathematics and computer science, where the number of authors per paper is generally higher compared to pure mathematical research. Consequently, this component is denser than the previously two described connected components. The details of obtained communities for the third largest component are provided in Table 5 . It can be observed that all detected communities are Radicchi strong. Additionally, for each component the author having the highest degree centrality has the highest betweenness centrality. 
Concluding remarks
The project of the electronic library of the Mathematical Institute of the Serbian Academy of Sciences and Arts (eLib) was founded in order to provide online presence and long-term preservation of mathematical journals printed in Serbia.
In this study we used eLib bibliographical records to construct the co-authorship network of eLib authors and to identify cohesive subgroups in the network. Analysis of connected components of the network revealed that the network contains a large number of components. The majority of them are isolated authors or small trivial components, but there is also a small number of relatively large, non-trivial components of connected authors. The main contribution of this article is that we showed that the largest connected components of the eLib co-authorship graph possess clear community structure. This means that authors belonging to the largest components are organized into non-overlapping cohesive subgroups. Additionally, we showed that the majority of identified groups tend to be strong in the sense that each author from a group collaborates more often with authors from his/her group than with authors from other groups.
